Experiments with heating and cooling cycles in undrained constant total stress conditions in triaxial apparatus are presented. Heating induces a large pore-water pressure increase, which eventually leads to a large irreversible strain and possible mechanical failure. Subsequent cooling produces a drop in water pressure. In one test the drop during cooling was more than two times higher than the previous increase during heating, reaching values of up to 2.30 MPa. An analysis of these findings in terms of a thermoplastic model is presented. The interpretation of these tests relies heavily on the kind of stress-partitioning hypothesis that is used. It was found that the described phenomena can be quantitatively dealt with using the classical effective stress principle, if the shear strength and consolidation are described in terms of temperature-dependent plastic yield limit.
Introduction
This paper deals with cycles of heating and cooling of clay in undrained conditions. It is a continuation of previous work which focused on the response of clay mass to monotonic heating. Constant total stress undrained heatingcooling tests on saturated clays published previously are analysed. This sort of cyclic testing simulates thermomechanical behavior of clay around a heat source like a nuclearwaste repository. Nuclear waste has a decaying heat output. This leads to an initial increase of temperature in the soil mass after installation, followed by its gradual decrease (see, for example, Pellegrini et al. 1989) . The former experiments Pellegrini 1989, 1991) indicated failure of specimens at 70-92"C, under total stress conditions considered as absolutely stable mechanically. The new results concerning monotonic heating in this paper are compared with the previous findings to seek a confirmation of the suggested interpretation. Numerical simulations using thermoplasticity theory are then compared with the test results. Finally, a theoretical interpretation is given to the results of the cyclic 'paper presented at the workshop on "Stress Partitioning in Engineered Clay Barriers," May 29-3 1, 1991. Duke University, Durham, N.C. thermal testing published previously by Hueckel and Pellegrini (1 989) .
The interpretation of the discussed tests depends on the hypothesis adopted on stress partitioning. It was found that the described phenomena can be quantitatively dealt with using the classical effective stress principle, if the shear strength and consolidation are described in terms of a temperature-dependent plastic yield limit.
Thermal failure in sands was observed by Agar et al. (1986) and suggested as a possible failure mechanism in ocean-floor sediments by Davis and Banerjee (1980) .
Experimental
Two clays were subjected to cyclic heating tests: Boom clay from 240 m depth at Mol, Belgium; and Pasquasia clay from 160 m depth in Sicily, Italy. Boom clay is relatively soft and highly plastic (22% smectite, 19% illite, 29% kaolinite), with a low water content. Pasquasia clay is a mediumplasticity cemented clay, sometimes fissured, with 10-15% kaolinite, < 5 % smectite, 20-25% calcite, 15-20% quartz, and with a very low (13%) water content and low permeability. The tests were performed at ISMES with the highpressure, high-temperature triaxial apparatus shown in Fig 1. FIG. 1. Schematic of ISMES experimental setup. 1 , triaxial cell; 2, specimen; 3, membrane; 4, press (load and speed controlled); 5, heater thermocouples; 6 , main thermocouple; 7, lateral heater; 8, bottom heater; 9, internal load cell; 10, external load cell; 11, LVDT (axial deformation measurements); 12, differential pressure transducer (effective stress); 13, differential pressure transducer (volume change); 14, burette (volume-change measurements); 15, air-water interface; 16, cell pressure regulator; 17, back-pressure regulator; 18, nitrogen bottle, 19, data acquisition set. conditions in the sample, as an extreme case of in situ conditions. The corrections were not applied in the first test on Boom clay. Thermal strain, which is usually much smaller than mechanically induced strain, was measured using an alternative (thinner) burette system.
Results
Some results of monotonic heating of an anisotropically, normally consolidated Boom clay specimen (test TBoom 2) were presented previously (Baldi et al. 1988; Pellegrini 1989, 1991) . The new results presented here allow us to derive some basic conclusions on thermomechanical failure of clays. In the first test (Hueckel and Pellegrini 1989 ) a specimen at 21°C was isotropically consolidated at 5.75 MPa, then subjected in undrained conditions to the stress difference of 2.0 MPa and allowed to creep until stabilization of water pressure. Subsequently, the specimen was heated in undrained conditions at constant total stress. The effective stress path, calculated according to Terzaghi's effective stress principle from the pore-water pressure readings, is shown in Fig. 2 (path a). Ambient temperature undrained triaxial compression stress path for the same clay is included for comparison. In Fig. 3 the development of pore-water pressure, normalized with respect to the confinement stress, ad = 5.75 MPa, is presented versus axial strain. It is seen that the water-pressure growth during heating is substantial. At 74°C the rate of axial strain per grade is already high. Failure occurred at 92°C (AT = FIG. 6. Axial strain versus isotropic effective stress during purely mechanical test of isotropic unloading/reloading, at constant deviator stress q = 1.0 MPa, to simulate mechanical strain in test TBoom 14.
FIG. 7. Pore-water pressure vs. axial deformation in undrained test TPas 9 for applied temperature steps at constant total stress (q = 2.00; p = 3.00 MPa).
71 "C), with Au = 4.01 MPa at 1.61 MPa of effective mean stress. A shear band was detected in the specimen after the test completion.
New experiments were performed on overconsolidated specimens of Boom clay (tests TBoom 12 and 14) at different constant total stress. The stress paths are marked in Fig. 2 as b and c. During test TBoom 12, at the stress difference of 0.9 MPa and total isotropic stress of 2.0 MPa, a heatingcooling-reheating cycle, 22.5-60-22.5-100°C, was performed. Axial deformation versus change in effective mean stress is shown in Fig. 4 . While an increase of water pressure of 0.86 MPa was reached during heating from 22.5 to 60°C, the drop during cooling was much higher (1.25 MPa), and FIG. 8. Pore-water pressure vs. axial deformation in undrained test TPas 10 for applied temperature steps at constant total stress (q = 2.00; p = 3.00 MPa). almost identical to it was the increase in Au during the second heating from 22.5 to 60°C. A dramatic increase in axial strain up to 5.4% was observed starting from 64"C, followed by stabilization and then by a slight drop in the pore-water pressure (over 0.45 MPa).
Test TBoom 14 was essentially following the program of test TBoom 12 (see Fig. 2 , path c), with the important difference that cooling was initiated at a lower temperature, viz. 54°C. During cooling to 29OC, a much smaller drop in water pressure occurred (Fig. 5 ) compared with TBoom 12.
In addition, a mechanical test at the same constant total stress was conducted for comparison. The purpose of the test was to evaluate the strain produced during isotropic unloading and reloading along the same stress path as in the thermal part of the experiment. In this test, pore-water pressure was forced mechanically through variations of the back pressure. The total stress was equal to that in tests TBoom 12 and TBoom 14. The results are presented in Fig. 6 in terms of axial strain versus isotropic effective stress p' . When the effective stress of 1.2 MPa is reached, a much smaller tensile axial strain is observed, compared with that produced by the same effective stress change induced by heating. Finally, upon reloading to 2 MPa, the permanent compressive axial strain is smaller again (1.76Vm ) than the thermal strain obtained in TBoom 12.
In the tests on Pasquasia clay the initial stress state of deviatoric stress q = 2.0 MPa and of isotropic stress p' = 3.0 MPa was reached in drained loading. The vertical in situ precompression stress was estimated as equal to 17.0 MPa, thus the overconsolidation ratio (OCR) was about 7.22. The two tests were similar. Where the conditions in the two tests overlapped, the results were very similar. The undrained response to thermal loading of test TPas 9 is presented in Fig. 7 , which gives pore-pressure change versus vertical strain for the applied temperature steps. An analogous plot for test TPas 10 is shown in Fig. 8 .
In test TPas 9, the axial strain during the first heating step was expansive, whereas cooling led to a substantially larger compaction, producing 0.8 0700 of irreversible axial strain. Reheating up to 34°C produced a larger expansion than the first heating; however, a net accumulation of the compressive axial strain of 0.125% was generated during the cycle 21-35-21-34°C. Further heating up to 50°C produced no axial strain, whereas the water pressure increased to 0.8 MPa. Subsequent cooling back to 34°C shows a significant axial compaction on that cycle and pore-pressure reduction to zero at 34°C. In the cycles up to 70°C a regularity of strain development may be seen in that all the cooling portions of Ap' versus A€, are parallel. The same refers to the reheating portions. Virgin heating portions, e.g., J-K, M-N, produced more and more compressive axial strain.
Comparing tests TPas 10 and TPas 9 it may be concluded that the progressive compression by heating observed in TPas 10 is not affected by the cooling-reheating cycles performed in test TPas 9. A high 1.18 MPa negative residual pore-pressure difference remaining after cooling is the most important observation from test TPas 10. Heating above 70°C produced a decrease in water pressure of about 0.25 MPa. Water pressure stabilized at about 0.75 MPa in both tests, at 80-90°C.
It must be emphasized that all elements of the apparatus were very carefully checked to be sure that any waterpressure drop was due to the behavior of the specimen and not due to the equipment itself. Major membrane leaks can be excluded. The least sensitive membrane (bromide butyl) was selected for the above study (Baldi et al. 1991) . A leak would lead to an inverse liquid flow, i.e., toward the specimen, and thus would increase the pore pressure. The cell liquid was silicon oil, and no trace of this liquid was found in the specimen after completion of the test. Finally, in isotropic undrained heating no water-pressure drop was seen.
Analysis
This analysis focuses on theoretical explanation of thermal strain and water-pressure behavior in cyclic undrained heating-cooling tests. Formerly, an analysis of the monotonic undrained heating test as in test TBoom 2 was presented by Pellegrini (1989, 1991) . A thermoplasticity model developed earlier on the basis of Cam-clay model (Hueckel and Borsetto 1990 ) was adopted. Two main assumptions are made in the model namely that stress in the skeleton is obtained from the total stress less the pore-water pressure, and that the elastic domain, and thus the yield surface, shrinks when temperature increases and material is not loaded. This latter phenomenon is known as thermal softening. In drained conditions under constant effective stress (Fig. 9a ) the yield surface shrinks with temperature until it reaches the immobile stress point, at some temperature. The condition of constant stress excludes any further shrinking of the surface despite the growth of temperature. Plastic strain is generated at this stage to compensate through strain hardening for the thermal softening. During cooling, the yield surface grows back through the whole temperature range. Thus, it may reach a larger size than the original one, at the completion of cooling.
In undrained tests (Figs. 96-9d ) the only difference consists of the fact that, at constant totals stress, the effective stress is not constant. Rather, a water pressure is generated because of higher thermal expansion of water than that of solid. This induces an equal but opposite in sign decrease in effective mean stress. As a consequence, the shrinking yield surface enters in contact with the stress points at a lower stress value that is at higher temperatures than in drained conditions (Figs. 9a and 9c) . In test TBoom 14 in Fig. 9c it occurs at 45OC. In test TBoom 2 yielding starts almost immediately, i.e., at about 22"C, in TBoom 12 at 35OC, in TPas 9 at 31°C, and in TPas 10 at 29OC. These values are not exact because temperature was applied in finite steps. During a further monotonic heating, the effective stress continues to decrease in contact with the shrinking yield surface until the critical stress line is reached (Fig. 9c) . As seen, all the stress paths shown in Fig. 2 end up with failure at the critical state. This corroborates the hypothesis on thermomechanical failure proposed earlier Pellegrini 1989, 1991) .
The principal mechanism during undrained heating is that of mechanical isotropic unloading due to water-pressure growth. In cyclic tests, it is interesting to see its analogy with a hypothetical isotropic cyclic stress test on an overconsolidated clay starting from 3 MPa (Fig. 10) . Unloadings 1-2, 3-4, and 5-6 are analogous to C-D, E-F, and H-J, respectively, from Fig. 7, whereas reloadings 2-3, 4 -5, and 6-7 correspond to those in D-E, H-G, and K-L. All but the first unloading portions of the plot in Fig. 7 are parallel to each other. The same refers to the reloading portions. This confirms a one-to-one stress-strain dependence in this range. Besides the effects of the cyclic strain accumulation D-F, or G-J in the thermal cycling test (corresponding to 2-4 and 4-6 in Fig. lo) , there are plastic yielding portions F-G, J-K, and M-N, where the effective stress point reenters in contact with the thermally shrinking yield surface. Each plastic portion is characterized by an enhanced vertical compression, when compared to analogous elastic portions, as visualized in the yield surface history diagram (Fig. 11) . Finally, at Ap' = 1.2 MPa the growth of water pressure ceases, despite the temperature growth. This occurs where the effective stress path reaches the critical state.
The following observations may be made at this point. First, the thermal dependence of the yield surface is symmetric with respect to heating and cooling. This may be inferred from the fact that yielding points J and M at 50 and 70°C are at about the same effective stress as points G and K, respectively, at yielding prior to the cooling-heating cycle. The same refers to points Ll and U for test TPas 10 (Fig. 8) . Second, the effective stress decrease in the plastic process, like F-G from 34 to 50°C (Fig. 7) is much smaller than that in an analogous elastic one like H-J. The same occurs for J-K from 50 to 70°C in comparison with L-M and in TPas 10 (Fig. 8) for S-T (34-50°C) versus X-Z (32-52.5"C). This corroborates the hypothesis that in the plastic process the shrinking of the yield surface due to temperature is slowed down by a strain hardening, which does not occur during the elastic portions.
Moreover, it is realized that a smaller decrease of the effective stress at F-G implies also a smaller elastic volumetric expansion. This means that to accommodate the thermal volumetric expansion of water, which is the same in F-G and H-J for the same temperature difference, a plastic thermal dilatancy was needed in F-G to ensure the consistency of volume. Despite this dilatancy, a strain hardening still occurs, contrasted by a thermal softening that is larger. An analogous situation takes place at J. Also, larger amounts of axial compressive strain for J-K in comparison with that in F-G indicates an increasing plastic deformation with temperature.
The actual reason for this plastic dilatancy is unknown. It may be speculated that cavitation or hydraulic fracturing occurs, noting that the water pressure is quite high (see e.g., Bjerrum el al. 1972). Some fracturing during heating experiments was reported by Tassoni (1980) . The growing contribution of plastic dilatancy to accommodate the water expansion results in a significant residual effective stress on the closure of the cycle by cooling. Physically this means that during heating the skeleton suffers an irreversible dilatancy, which is not totally compensated for by the thermal compression occurring during elastic cooling. The remaining dilatancy induces the development of a negative pore-pressure difference. The largest (2.2 MPa) drop in water pressure giving rise to a residual negative pressure difference of 1.2 MPa, if calculated with respect to the original water pressure, is produced by heating-cooling cycle R-U-W in test TPas 10 (Fig. 8) . Such a drop upon cooling may be of practical importance for the flow patterns of underground water. This means that during the cooling phase of nuclear waste, the hydraulic gradient may be dramatically different from those during heating and should be carefully investigated.
Conclusions
From the experiments with cyclic undrained heating and cooling of saturated clays it appears that upon the completion of the thermal cycle a substantial negative pore-pressure difference may be induced in clay. The analysis based on a thermoplastic model suggests that the negative pressure is caused by a large plastic dilatancy occurring at effective stress states close to the critical state.
From the point of view of the stress-partitioning hypothesis, it should be underlined that the state of failure reached in the tests was exactly following the calculation based on the classical effective stress principle.
If any contribution from an electrochemical force change due to heating was present, it must have been of the order of the experimental accuracy.
rock. Required functions of the buffer material are as follows: (i) delay the movement of groundwater that intrudes into the repository and reaches the container, thereby delaying the time of corrosion of the waste containers; (ii) delay the migration of radionuclides from the corroded containers to the host rock; (iii) hold the containers in place and prevent transfer of excessive stresses to the containers against creep of the host rock; and (iv) transfer the heat generated in the waste to the host rock. . 
